To better understand the mechanisms and sites of anesthetic action, we determined the subcellular partitioning of halothane in a tissue model. A method was found to fix the in vivo distribution of halothane in rat atrial tissue for subsequent electron microscopy and x-ray microanalysis. Atrial strips were exposed to various concentrations of halothane, rapidly frozen, cryo-sectioned, and cryo-transferred into an electron microscope. Irradiation of the hydrated cryosections with the electron beam caused halothane radiolysis, which allowed retention of the halogen-containing fragments after dehydration of the sections. The bromine from halothane was detected and quantified with x-ray microanalysis in various microregions of atrial myocytes. Halothane (bromine) partitioned largely to mitochondria, with progressively lower concentrations in sarcolemma, nuclear membrane, cytoplasm, sarcomere, and nucleus. Partitioning could not be explained solely by distribution of cellular lipid, suggesting significant and differential physicochemical solubility in protein. X-ray spectra were collected from large (100 ,m diameter) probes (average dose = 0.8 electron per A2) in the hydrated sections and in the same area after dehydration (areas included myocytes, connective tissue, and interstitial space). Ratios of hydrated/dehydrated bromine concentrations, as determined from peak to continuum ratio analysis, and the hydrated/dehydrated ratio of bromine to lessvolatile elements, phosphorus and potassium, are shown. gas chromatography). After 60 min, the atrial strips were rapidly frozen by plunging the pins into Freon 22 cooled to -1650C with liquid nitrogen. Thin cryosections ("150 nm) were prepared on a Reichert cryoultramicrotome and transferred at -150'C (Gatan cryotransfer stage) into a Philips 400T electron microscope equipped with a Si(Li) energydispersive x-ray detector and a Kevex 7000 multichannel analyzer interfaced to a VAX 11-750 computer. Elemental concentrations were determined from peak to continuum ratio analysis (5, 6 ) and expressed as mmol per kg dry mass units. Since the unfixed unstained frozen-hydrated sections had insufficient contrast to visualize structure, the sections were warmed slowly to -1000C from the transfer temperature of -150'C and dehydrated by sublimation in the microscope vacuum of 10-8 torr (1 torr = 133.3 Pa). Pilot studies determined that if the sections were dehydrated before exposure to an electron beam, bromine was not detected with x-ray microanalysis. However, if the sections were exposed to the electron beam while hydrated, bromine was readily detected after dehydration.
ABSTRACT
To better understand the mechanisms and sites of anesthetic action, we determined the subcellular partitioning of halothane in a tissue model. A method was found to fix the in vivo distribution of halothane in rat atrial tissue for subsequent electron microscopy and x-ray microanalysis. Atrial strips were exposed to various concentrations of halothane, rapidly frozen, cryo-sectioned, and cryo-transferred into an electron microscope. Irradiation of the hydrated cryosections with the electron beam caused halothane radiolysis, which allowed retention of the halogen-containing fragments after dehydration of the sections. The bromine from halothane was detected and quantified with x-ray microanalysis in various microregions of atrial myocytes. Halothane (bromine) partitioned largely to mitochondria, with progressively lower concentrations in sarcolemma, nuclear membrane, cytoplasm, sarcomere, and nucleus. Partitioning could not be explained solely by distribution of cellular lipid, suggesting significant and differential physicochemical solubility in protein. However, we found no saturable compartment in atrial myocytes within the clinical concentration range, which implies little specific protein binding.
Because of the close correlation of potency with lipid solubility, inhalational anesthetics have been considered to act through perturbations of the lipid component of cellular membranes (1) . Recent evidence, however, suggests that anesthetics may have direct interactions with cellular proteins that could be responsible for anesthetic action (2) . An in vivo fluorine NMR study concluded that the majority of halothane in brain occupied a tightly bound environment that showed saturation within the clinical concentration range (3 X-ray spectra were collected from large (100 ,m diameter) probes (average dose = 0.8 electron per A2) in the hydrated sections and in the same area after dehydration (areas included myocytes, connective tissue, and interstitial space). Ratios of hydrated/dehydrated bromine concentrations, as determined from peak to continuum ratio analysis, and the hydrated/dehydrated ratio of bromine to lessvolatile elements, phosphorus and potassium, are shown. gas chromatography). After 60 min, the atrial strips were rapidly frozen by plunging the pins into Freon 22 cooled to -1650C with liquid nitrogen. Thin cryosections ("150 nm)
were prepared on a Reichert cryoultramicrotome and transferred at -150'C (Gatan cryotransfer stage) into a Philips 400T electron microscope equipped with a Si(Li) energydispersive x-ray detector and a Kevex 7000 multichannel analyzer interfaced to a VAX 11-750 computer. Elemental concentrations were determined from peak to continuum ratio analysis (5, 6) and expressed as mmol per kg dry mass units. Since the unfixed unstained frozen-hydrated sections had insufficient contrast to visualize structure, the sections were warmed slowly to -1000C from the transfer temperature of -150'C and dehydrated by sublimation in the microscope vacuum of 10-8 torr (1 torr = 133.3 Pa). Pilot studies determined that if the sections were dehydrated before exposure to an electron beam, bromine was not detected with x-ray microanalysis. However, if the sections were exposed to the electron beam while hydrated, bromine was readily detected after dehydration.
The degree of bromine retention after "fixation" with the electron beam and dehydration was evaluated by collecting x-ray spectra from large areas (100 Ium in diameter) of hydrated sections at -150 to -160'C ( Table 1) . The sections were then warmed to -100'C, and x-ray spectra were again collected from the same area of the now dehydrated sections; bromine concentration was measured in both.
Electron beam-exposed dehydrated sections were warmed to 20'C, removed from the microscope, carbon-coated (3-5 nm), and reexamined with x-ray microanalysis for bromine partitioning between readily observable subcellular compartments ( Fig. 1 ): perinuclear cytoplasm, sarcomere, nucleus, and mitochondria. In addition, spectra were collected from astigmatic line probes (1500-3000 x 20-30 nm) placed over sarcolemma and nuclear membrane, which are readily visualized in well frozen areas, even in unfixed unstained cryosections. Spectra from such "line" probes contain contributions from adjacent regions and thus are "membraneenriched," rather than pure membrane spectra. Sarcoplasmic reticulum membranes could not be readily resolved from adjacent membrane structures.
Abbreviation: FCCP, carbonylcyanidep-trifluoromethoxyphenylhydrazone.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. To determine if metabolic activity was responsible for the observed partitioning, additional atrial strips were incubated at 2°C or with a protonophore mitochondrial uncoupler [1.0 ,uM carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) (7) ] for the same period of time in 1.5% halothane and processed in the same way as above. Also, to assure that the measured halothane partitioning was representative of the in vivo state, cell integrity was evaluated simultaneously with measurement of bromine concentrations, using morphologic (cell or mitochondrial swelling, sarcomere disruption, and interstitial or intercalated disk widening) or ionic criteria (changes in the normally low sodium/potassium ratios or cytoplasmic/mitochondrial calcium concentrations).
RESULTS
There was no morphological or ionic evidence for cellular injury in the atrial myocytes exposed to halothane with the exception of those tissues exposed to cold or FCCP (see below).
Bromine fixation in cryosections exposed to an electron beam was evaluated by determining whole-cell bromine concentrations for four conditions: 0% halothane/no beam; 0% halothane/beam; 4.7% halothane/no beam; 4.7 halothane/beam (Table 2) . Bromine was measurable only in sections that were exposed both to halothane and to the electron beam. Comparison of hydrated to dehydrated elemental concentrations allowed estimation of bromine retention after fixation and dehydration. The average bromine hydrated/dehydrated concentration ratio of about 0.2 (assuming 80% tissue hydration) and the hydrated/dehydrated ratio of bromine normalized to nonvolatile elements (phosphorus and potassium) of about 1.2 imply greater than 80% retention of the halothane-derived bromine after fixation and dehydration. Also, the calculated partition coefficient for the whole cell (from Table 2 ) of 4.4, which agrees well with a reported value of 3.8 for skeletal muscle (8) , is further evidence for retention.
The roughly linear relationship of all subcellular compartmental bromine concentrations with halothane gas concentration (0-4.7%) (Figs. 2 and 3 ) is evidence against a large concentration of specific saturable binding sites for the halothane molecule in atrial myocytes. The concentration data in Fig. 3 allow the calculation of in situ compartmental gas partition coefficients (8) (assuming hydration values for cytoplasm, nucleus, and sarcomere of 80%; and mitochondria of 60%): for mitochondria, 14.4; for cytoplasm, 4.0; for grids were exposed to a low-current electron beam (100 pA) at 80 kV accelerating voltage for -10 min before dehydrating by warming to -100'C. Other grids were dehydrated without exposure to an electron beam (No-beam group). X-ray spectra were collected from multiple random probes over several compartments within many cells; bromine concentrations were determined and averaged to obtain whole-cell bromine concentrations. Since the bromine x-ray L-line (1.59 keV) overlaps the aluminum K-line (1.49 keV), the bromine concentrations for no-beam cells verifies the absence of aluminum contamination in these samples. The presence of bromine was further verified by detection of its K-line at 11.9 keV. 3 ) and, assuming that all halothane is partitioned to the membrane, the (highest) partition coefficients are about 25 for sarcolemma and 20 for nuclear membrane, similar to the measured coefficient of 35 for halothane in erythrocyte ghosts (9) .
Although the halothane molecule also contains chlorine, it is generally not a useful marker for halothane because of endogenous levels of chlorine in mammalian tissues. However, because normal mitochondria have a low chlorine content (10) , it was possible to measure the incremental increase in mitochondrial chlorine due to halothane and provide an additional test of halogen fixation. Thus, a mean mitochondrial chlorine excess of 27 mmol/kg (dry wt) at 1.5% and 71 mmol/kg (dry wt) at 4.7% halothane was found in sections that were fixed as compared to sections from the same tissue block that were dehydrated without fixation. Table 1 , except that all were radiolysis-fixed. Cytoplasm (o) represents perinuclear cytoplasm including granules. Sarcomere (o), mitochondria (A), and nucleus (A) represent probes entirely within the specified compartment. Sarcolemma (a) was a focused astigmatic line probe over this structure. Nuclear membrane is not shown on this figure; it was essentially the same as sarcolemma. Since the estimated width of these line probes and membrane was 30 and 8 nm, respectively, membrane constitutes about 30% of the line probe volume. However, since the hydration of adjacent areas is greater than membrane (80% vs. 10%), the mass of membrane in the line probe is about 50%o.
These concentrations agree remarkably well with mitochondrial bromine concentrations in Fig. 3 (13) .
The ineffectiveness of cold or an uncoupler on subcellular halothane partitioning indicates that maintenance of active transport and proton gradients is not necessary for the high mitochondrial halothane concentrations. The fact that halothane (bromine) concentrations are 5 times higher under cold (20C) as opposed to warm (300C) conditions reinforces the physicochemical nature of halothane's subcellular partitioning. The presence of high halothane concentrations in mitochondria does not necessarily indicate a mitochondrial site for production of anesthesia. It is consistent, however, with reported effects of halothane on mitochondrial membranes and metabolism (14, 15) .
In summary, halothane subcellular partitioning appears to be physicochemical, and, although the data suggest substantial and differential solubility in protein, no saturable compartments were observed in the clinical concentration range. We emphasize that this steady-state subcellular halothane partitioning cannot yet be related to anesthetic action, but integration of this technique with both kinetic and functional indices may provide important clues to the site and mechanism of anesthetic action.
